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Abstract
The lack of experimental evidence for CP violation in the strong nuclear force led to the devel-
opment of Peccei-Quinn theory which proposes a mechanism by which CP violation is suppressed
in the strong force. One consequence of Peccei-Quinn theory is the prediction of a new boson,
the axion, with an unknown mass and coupling constant. Although experiments have searched
for these axions, we have only been able to place limits on the mass and coupling constant. We
seek to perform a search for axions using the high purity germanium detectors in the Majorana
Demonstrator to look for axion-to-photon converted signals from the sun. To do this we use the
germanium crystal lattice to Bragg scatter the incident solar axion flux, which by the Primakoff ef-
fect is converted into a photon signal detectable by our germanium crystals. The work described in
this document serves to establish a procedure for determining the germanium crystal axes (needed
to find the Bragg condition), as well as to perform research and development on the hardware and
software tools necessary to perform the axion search.
The following document was written as part of a senior honors thesis at the University of North
Carolina at Chapel Hill. The research described within was conducted with the assistance of Dr.
John F. Wilkerson and the Experimental Nuclear and Astroparticle Physics (ENAP) group at the
University of North Carolina at Chapel Hill. Special thanks is due to Graham Giovanetti and Mark
Howe for their assistance on this project as well as Kyle Snavely for his prior work on the subject.
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1. INTRODUCTION
Axions are a hypothetical particle introduced originally to solve what is known as the
strong CP problem, but they are now also considered as a good candidate for some portion
of dark matter in the universe. Although a variety of experiments have been performed
searching for axions at various energy ranges, as of yet none so far none have yielded a
positive result. One problem is that theory doesn’t provide a prediction for either the axion
mass or the axion coupling constant, and thus our experiments must cover a wide range
of phase space in order to look for axion signals. Thus an important physics goal is to
find alternative methods for pulling potential axion signals out of data; in this article we
present one experiment based on looking for axions using Bragg scattering off of germanium
detectors [1]. The idea is explained in the following sections, but the key work performed as
a part of this honors thesis was the assembly of hardware and software tools as well as a test
characterization of germanium detector crystal axes (information needed to look for Bragg
scattered axions). An important part of this research has been the assembly and testing of
a rotational test stand used to determine the crystal axes, so hardware development and
testing was the first step in performing the research described below. The second stage
consisted of data collection and analysis, using a set of predesigned data acquisition tools
and a set of data analysis tools written by a former graduate student from the ENAP research
group. Unfortunately, progress was quite slow on this work due to a variety of unforseen
hardware problems and thus the actual search for axions was not performed, although an
initial scan to determine the germanium crystal axes has been performed.
2. A BRIEF DISCUSSION OF AXION PHYSICS
Although at one time charge-parity (CP) was expected to be a symmetry present in
the law of particle physics, experiments in the mid 20th century [2] demonstrated that the
weak nuclear force violates CP symmetry. The existence of CP violation in the weak force
overturned the notion that CP symmetry is a fundamental quality of the physical world,
and yet all available experimental evidence suggests that the strong nuclear force obeys CP
symmetry. The existence of CP violation in the electroweak force and the lack of observed
CP violation in the strong force remains an unsolved problem in physics to this day.
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One reason this problem is particularly interesting is that the Standard Model Lagrangian
(which includes terms for both electroweak and strong interaction) admits a term:
θg2
32pi2
GaµνG˜
aµν (1)
where Gaµν are the QCD field strengths, g is the QCD coupling constants and θ is a free
parameter [3]. This term, Eq. (1), adds CP violation into the Standard Model, which
as discussed earlier is sensible for electroweak interactions. The problem arises when we
determine that QCD (strong force) physics depends on θ¯, which is θ minus the phase angle
assocated with the diagonalized quark mixing matrix. Since θ¯ is a free parameter and QCD
does not exhibit CP violation, it would be desirable to invoke CP symmetry to remove this
pesky θ¯ parameter and the term in Eq. (1), but CP symmetry is in general not a feature of
the Standard Model, since as discussed prior, CP violation occurs in the electroweak force.
Thus symmetry arguments cannot be used to justifty fine tuning such that θ = 0 and we’re
left wondering why we do not find CP violation in the strong force, even though the term
in Eq. (1) suggests that it is possible.
One proposed solution to the mystery of this θ parameter is to promote θ to a dynamical
variable rather than an input parameter for the standard model. This requires the existence
of a scalar field A(x) to replace the θ parameter. Thus we introduce what will be called the
axion field by replacing θ in Eq. (1):
θ → A(x)
fA
(2)
where A(x) is the axion field and fA is the coupling constant associated with this new
axion field. This theory, Peccei-Quinn (PQ) theory, (titled after its authors) explains CP
symmetry in the strong force as a result of a minimization of the axion field [4]. Although in
this model the QCD effective potential minimizes the axion field (effectively setting θ¯ = 0),
the electroweak force introduces perturbations that allow θ¯ 6= 0, introducing CP violation
into the weak force. Thus PQ theory provides a mechanism by which the Standard Model
can violate CP symmetry while QCD maintains the symmetry without resort to fine-tuning
(i.e setting θ = 0).
Although a complete explanation of PQ theory is beyond the scope of this article, the
theory introduces a new U(1) symmetry, PQ symmetry that is spontaneously broken [3].
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What we called the axion coupling constant, fA, then actually can be seen as the energy
scale at which this PQ symmetry breaks. An important addendum to PQ theory was
introduced by Weinberg in [5], which is that when PQ symmetry spontaneously breaks at
fA, the theory yields a new particle due to the symmetry breaking (the associated Nambu-
Goldstone boson); this particle is the axion.
Since the development of PQ theory and the discovery that it implies the existence of
a new boson, many attempts have been made to search for this hypothetical particle. A
summary of some important experiments in axion physics is provided in section 6, but one
key feature of the axion to keep in mind is that both the axion mass mA and the coupling
constant fA are undetermined by the theory, and thus are values to be discovered rather
than inputs to guide our experiments. As a result axion searches are particularly difficult
because we don’t have a particular energy range in which to look for axion signals, instead we
must look for signals over a broad energy range using some external method to discriminate
between noise and the axion signal.
3. CONCEPT OF THE EXPERIMENT: BRAGG SCATTERING AND THE PRI-
MAKOFF EFFECT
In order to detect a signal due to axions, we must first find some way by which these
hypothetical particles interact with the technology we have available to detect particles. We
thus turn to the work of Henry Primakoff on resonant production of psuedoscalar particles by
photons interacting with a magnetic field (and the reverse process) [6]. Since the proposed
axion would be a pseudoscalar particle, the Primakoff effect would be expected to apply
here as well, see Fig. 1 for a diagram of this process in vacuum. Thus if we had a known
source of axions, we could in theory attempt to measure the axion flux by measuring the
flux of photons produced from axions via the Primakoff effect.
The Primakoff effect works in both directions, meaning that in a strong magnetic field,
axions can be converted into photons, but photons can also be converted into axions [3]. The
strong magnetic fields and large photon densities associated with stellar plasma make the
sun a likely source for the production of axions. Thus the sun can be used a source for the
axion flux we want to measure. Many large-scale experiments have used strong magnetic
fields to produce photons from these solar axions in order to resolve an axion signal, see
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FIG. 1. A Feynman diagram of the Primakoff effect in vacuum [6]. Note the triangle in the diagram
which allows the uncharged axion to interact with the electromagnetic force.
section 6 for a summary of some other experiments.
Instead of using a strong magnetic field for the conversion from axion to photon, we
can also use a coherent atomic lattice to provide the coupling between the axions and the
electromagnetic field of the atoms. The basic concept of the Primakoff effect is that inside
an electromagnetic field, axions can interact with virtual photons to produce real photons,
which can essentially be seen as an axion scattering off of an electromagnetic field, with a
photon as the output from the scattering rather than another axion. In general axions will
scatter off of lattice atoms, producing a small photon signal in a direction determined by
the scattering angle. We use a lattice to amplify this small signal by invoking the Bragg
condition that the axions scatter coherently off of the crystal lattice [1]. This in turn will
produce a spectrum of coherent photons which interfere constructively and can subsequently
be measured using traditional gamma ray spectroscopy techniques.
The Bragg condition for coherent scattering depends on both the energy of the incident
axion signal (since it determines the photon wavelength) and the axion coupling constant
(since it determines the energy of the solar axion flux). Thus an experiment using Bragg
scattering for the detection of solar axions would be sensitive to both unknown axion pa-
rameters of interest, the effective axion coupling constant and the axion mass [1].
Our experiment follows this model and uses a high purity germanium detector in a dual
purpose role. First and foremost the germanium detector is used to measure the converted
photon signal and then send this information via a preamplifier to the data acquisition
(DAQ) electonics (see section 7 for more detail). Germanium detectors provide excellent
energy resolution and are thus an appealing candidate tool for gamma ray spectroscopy,
but in this experiment we also use the fact that germanium itself forms a diamond cubic
crystal lattice and can be used to Bragg scatter axions without the need for another lattice
to ensure axion-photon conversion.
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This procedure means that we must determine the orientation of the germanium crystal
axes prior to performing the experiment, and then track the orientation relative to the sun as
the orientation changes during the the day. Though this may seem unnecessarily convoluted
to look for a signal that comes directly from the sun, the problem is that we don’t know
enough about the axion to predict the energy of the converted photon signal. As the angle
between the solar axion flux and the germanium crystal axes changes, we should expect to
see converted photon signal changing as well; in particular when the lattice is aligned with
the flux at the Bragg angle we should see a peak in photon production and when it falls
out of alignment we should see that peak die off. Thus the knowledge that the signal will
vary as the crystal axes change their orientation relative to the sun allows us to discrimiate
between the axion signal and noise by looking for a signal that is periodic over the day.
The use of Bragg scattering to perform an axion search has been undertaken by the
CDMS (cryogenic dark matter search) collaboration using 19 germanium detectors [7]. They
were able to use this method to put a limit on the axion-to-photon coupling constant,
gaγγ < 2.4 ∗ 10−9 GeV −1, with an uncertainty in the orientation of the crystal axes around
3° . Based on the method for determining crystal axes described in section 4 we should be
able to dramatically improve this angular uncertainty (closer to 1° ), based on how many
data points we take when characterizing the crystal axes. Furthermore the Majorana
Demonstrator (see section 5) will be able to improve on the limit on gaγγ, probing down
to sensitivities on the order of 10−10 GeV −1.
This is the basic idea behind the experiment described in this article, but of course the
systematics and details of the work will be reviewed in detail in the following sections. It
is also important to be aware that although in principle this technique for resolving a small
signal seems viable, real-world issues such as detector performance and high backgrounds
can make such a small signal invisible, even when it carries a distinctive periodic modulation.
4. DETERMINING THE GERMANIUM CRYSTAL AXES
Since we need to know the orientation of the germanium crystal axes in order to look
for the modulated solar axion signal, we need to come up with a simple procedure for
determining the crystal axes of the germanium detector. Although in theory we could
simply take our crystals to a lab and use x-ray diffraction to look into the crystal and find
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the axes, in practice the germanium detectors come packaged in a cryostat to keep them
at 77 K. Since it is quite difficult to remove the germanium crystal itself from the detector
apparatus, we need an easier method for finding the crystal axes than x-ray diffraction.
Since we have the detector on hand, we can use the drift time of the electron cloud created
inside the detector due to photon interaction to determine the orientation of the crystal
axes. The germanium crystal has a diamond cubic lattice structure, so the crystal axes
correspond to the lines between nearest neighbors. There will be two crystal axes in the
plane of interest (slicing through the detector volume), so we would expect to see 4 drift
time minima if we did a full 360° scan around the detector. The idea is that since the
electron cloud will travel fastest when its momentum is aligned with the detector axes, we
can measure the drift time of the electron cloud created by an incident gamma ray at various
angles around the detector, and then the minima in drift time will correspond to the angles
at which the gammas were shined along the crystal axes. In order to compare the timing
at different angles around the germanium detector, we need to use a standard timing by
which to compare the different drift times; thus we perform coincidence measurements with
a NaI scintillator detector and compare the event time read on the NaI scintillator detector
and the event time read on the germanium detector. The orientation and location of the
NaI detector with respect to the source of gamma rays will be fixed, while the location of
the source with respect to the germanium detector will change as the source is rotated such
that a collimated beam of gammas hits the germanium detector at various angles around
its circumference.
4.1. A custom rotational test stand
The uncertainty associated with the measurement of the germanium crystal axes will
be partially dependent on the resolution with which we can perform our coincidence scan
around the germanium crystal lattice. Thus an important goal of this experiment was the
creation of a rotational test stand (see Fig. 2) with which we could automate the data
collection procedure, both saving time and improving the reproducibility of the angular
scan.
Since we want to illuminate small angular regions around the circumference of the ger-
manium detector, we use a collimated source of gamma radiation which is shined on the
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FIG. 2. Photograph of the completed rotational test stand.
detector at different angles by driving the source and collimator around the detector itself.
In Fig. 2 the white block is a plastic case with a lead collimator (3 inches thick) and the
133Ba source used in the experiment as the source of gamma radiation. There are two motors
on the test stand, one to control the vertical or z location of the collimated beam (the axis
show in Fig. 2), and one to control the angular or φ location of the the collimated beam.
These motors are connected to the DAQ computer via a RS-232 serial cable and controlled
on the computer by software, Object-oriented Real-time Control and Acquisition (ORCA),
designed at UNC by Mark Howe [8] for the purpose of real time data acquisition and the
control of experimental parameters (see section 7 7.1 for more detail on this topic). In this
research we used ORCA to both control the position of the 133Ba source and to collect and
record data from the two detectors used in the experiment. This improved the synchroniza-
tion of data collection by ensuring that each chosen angular data point will be illuminated
by the 133Ba source for a set amount of time while data is being collected before the motor
activates again and moves to a new data point. This reduces human error associated with
turning or moving something each time a new data point was selected. In particular, the
motor moved angularly with resolution determined by steps (the motor could move one step
at a time), but in 270° of the rotational stand, there were over 100000 steps, giving an an-
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FIG. 3. A top down photo of the detectors and source in the rotational test stand. Important
components are labeled and the source and NaI detector are rotated around the track by the motors
gular resolution better than .001%, meaning that this potential source of uncertainty would
not be the limiting factor in our experiment. In fact, the widening of collimated beam of
radiation as it hit the germanium detector means that the width of the beam is certaintly
greater in angle than the order of 10 steps.
A second such rotational test stand will be built in a cleanroom environment at UNC
to be included as a part of the Majorana Demonstrator experiment (see section 5)
housed at SURF. The ‘protoype’ test stand described as part of our experiment thus also
serves as an aboveground test for the functionality of the design of the test stand. Since
work is slower and more difficult underground in a cleanroom environment, it is important to
test equipment in a simple lab setting to resolve issues before a more completed and tested
design is used in the more difficult environment. The research we conducted discovered and
corrected many errors associated with the design of the rotational stand, in particular the
need for a gearbox reducer to provide the power to drive the source and NaI detector around
the table to perform the angular scan.
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FIG. 4. A decay scheme for 133Ba, γ3 is the 81 keV decay and γ8 is the 356 keV decay, note
how these two decays form a cascade, this feature allows us to use them to make coincidence
measurements [9].
4.2. γγ coincidence measurements with a NaI scintillator detector
The coincident gamma rays generated by the decay of 133Ba at 81 keV and 356 keV
provide useful timing information when we compare the signals generated in a solid state
Ge detector and a NaI scintillator detector.
We look for the 81 keV gamma on the Ge detector (since it is low energy and will likely
deposit all of its energy at a single-site near the crystal surface) and the coincident gamma
at 356 keV on the NaI scintillator detector. Since the information we care the most about
is timing based, it is important to synchronize the timing of the data collection. In order to
facilitate this, the data was collected using a single digitizer device, digitizing both signals
simultaneously. Even with this synchronization of data collection, an external test pulse was
used to determine that there was a measurable offset in timing between the signal output
from the Ge detector and the NaI detector, thus this offset was recorded and the value,
11
FIG. 5. Oscilloscope trace used to measure offset between NaI and Ge detector outputs. The
purple trace is the raw pulser signal, the yellow trace is the pulsed NaI output and the blue trace
is the pulsed and amplified (part of the pre-signal processing) Ge output (the Ge output rings due
to impedance mismatch on the oscilloscope input).
40 ± 3 ns, was used in subsequent data analysis to correct for this offset. The method for
determining this offset consisted of measuring the 3 signals (pulser, NaI output with test
pulse, and Ge output with test pulse), comparing the difference between the two detectors
and the pulser signal, and using the difference of these offsets as the offset between the NaI
and the Ge signal. See Fig. 5 for a trace from the oscilloscope used to determine the offset
between the Ge signal and the pulser signal.
By establishing this timing information before data collection, we make it possible to
perform analysis cuts (see section 8 for detail) looking only for 81 keV events on the Ge
detector that occur witihn a certain time of 356 keV events registered on the NaI scintillator
detector. The ‘drift time’ of electrons in the Ge crystal is thus the time (minus the offset we
discussed above) between the 356 keV event and the 81 keV event, since this represents the
12
time it takes for the charge from the 81 keV event to move through the Ge detector itself
(the offset is subtracted because we are not interested in comparing electronic delays, only
relative delays due to drifting charges in the Ge detector body).
An important part of this coincidence measurement is an accurate determination of
whether or not a seemingly coincident set of events is due to the 133Ba gamma rays. Thus
we must be able to accurately and distinctly resolve the peaks in the Ge and NaI energy
spectra corresponding to the 81 and 356 keV gamma rays. Although the Ge detector has
significantly greater energy resolution than the NaI scintillator detector, the 81 keV gamma
on the Ge detector was difficult to measure. This difficulty is due to the collimation of the
beam before illuminating the Ge detector, and partially due to attenuation of the photon
signal as it passes through the detector cryostat. This collimation dramatically reduces the
intensity of the beam hitting the detector surface, making is difficult to resolve the 81 keV
peak above the general noise present at low energies. This concern will be further addressed
in section 8 where we discuss the tools used to analyze the data and find the energy peaks.
5. THE MAJORANA DEMONSTRATOR
The research described in this document was pursued as a part of the Majorana Col-
laboration, and thus the experiment we performed serves as a test of the procedure used
to characterize the germanium detector crystal axes. The major focus of the Majorana
Collaboration is a search for neutrinoless double beta-decay using an array of high purity
germanium detectors. The Majorana Demonstrator is this neutrinoless double beta-
decay search, but in order to conduct this search, we must minimize the background radiation
measured by the detectors. We will skip the details of the background reduction and the
motivation for the experiment itself, but the important thing to note is that the array of
approximately 50 low background, high purity germanium detectors would be suitable for
trying to measure the proposed solar axion signal discussed in section 2. In order to perform
such a search, we would need to know the orientation of the crystal axes of each germanium
crystal used in the Majorana Demonstrator.
The second test stand mentioned briefly in section 4 4.1 will be used at the location of
the germanium detectors themselves (SURF) in order to determine the orientation of the
crystal axes of each ‘string’ of detectors (a collection of detector crystals stacked up which
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will maintain their relative orientation to one another) before they are placed in the main
experiment cryostat. Thus although in our experiment we didn’t use the z functionality of
the motors on the test stand discussed in section 4 4.1, it will be useful for the second stand
to discriminate between different detector crystals on the same string (note that we did test
the functionality of the z motor, we simply didn’t collect datasets at different z values due
to time constraints).
A determination of the crystal axes of each detector in the Majorana Demonstrator
array is a prerequisite of the search for the proposed solar axion flux. The varying alignments
of the detectors’ crystal axes will mean that the Bragg scattering effect described in section
3 will occur on various detectors throughout the day as their axes fall into and then out
of alignment with the solar flux. Rather than collecting useful events at one time each
day (as with a single detector), we would be able to do so throughout the day. Since the
major indicator of our solar axion signal will be the modulation over the day, measuring
this modulation on different detectors out of phase will provide improved signal quality and
thus reduce uncertainty. The sensitivity of the Majorana Demonstrator to solar axions
means that we can look for solar axions with mA > 0.01 eV and we should be able put a
bound on the axion-to-two-photon coupling constant (gaγγ) of about 10
−10 GeV −1. This
sensitivity to gaγγ makes the Majorana Demonstrator competitive with other Bragg
scattering axion experiments [10].
6. RELATED WORK: AXION SEARCHES
Early searches for axions consisted of looking for axions created in laboratory experiments,
but axions at such energy ranges have been ruled out, so we will focus on more recent axion
search experiments.
The Axion Dark Matter eXperiment (ADMX) searches for axions created from single
photons interactions in a microwave cavity with a background magnetic field [3]. This
experiment, housed at University of Washington, Seattle, attempts to use the Primakoff
effect to convert predicted galactic halo axions into measurable photons which can then be
read out by a DAQ system.
The Cern Axion Solar Telescope (CAST) project is a search for solar axions which uses a
strong magnetic field to convert solar axions into photons via the Primakoff effect [3]. The
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FIG. 6. An exclusion plot for the axion mass and coupling taken from [11], note the large phase
space in the middle still available for these parameters.
concept of this experiment is that a helioscope is pointed at the sun and lenses collect the
solar flux, which is then placed in a strong magnetic field in order to convert the solar axions
into photons in the X-ray spectrum.
Both of these experiments have placed limits on the axion mass (mA) and coupling
constant (fA) discussed in section 2, for a detailed plot of the latest axion limits see Fig. 6,
which includes a variety of experiments not discussed here.
7. REAL TIME DATA ACQUISITION AND SIGNAL PROCESSING
The detectors used in this experiment function by outputting an electronic signal (volt-
age as a function of time) with amplitude proportional to the energy deposited into the
detector by the gamma ray being measured. This electronic signal comes as a collection of
waveforms each representing a single event measured by the detector, and thus our goal in
data acquisition is to record and store these waveforms to facilitate later oﬄine analysis.
Pursuant to this goal, we use a chain of established data acquisition tools to perform the
following tasks:
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FIG. 7. A diagram of the experimental design with a focus on data acquisition. Orange objects
are hardware tools, pale grey objects are software tools, red objects are electronics hardware, and
the dark grey objects are the detectors themselves. Note how ORCA serves to both collect data
and to control the experiment.
• Digitize waveforms from detector outputs
• Write digitized data to disk
• Perform live energy analysis to plot energy spectra as data is being collected
The subsequent section will provide further detail on the hardware and software used to
perform these tasks, but for a big-picture overview of the data acquisition process see the
diagram in Fig. 7.
In Fig. 7 we have already discussed the motors and the VXM motor controller (the
hardware tool ORCA uses to communicate with the stepper motors), so the following sections
will focus on the parts in this experimental flow we have yet to discuss, including the digitizer,
single-board computer (SBC), preamplifier, and all of the software used to organize and
control data acquisition.
16
7.1. Custom data acquisition software: ORCA
To organize the tasks described above we use software designed specifically for the Ma-
jorana Demonstrator experiment, Object-oriented Real-time Control and Acquisition
(ORCA) [8]. ORCA is written in Objective-C using the Cocoa framework and the Apple
developer tools and has been maintained at UNC by Mark Howe since 2008. In a general
context, ORCA is used to manage and facilitate data acquisition and slow controls for low
energy nuclear and particle physics experiments. Since it is written to be object-oriented,
ORCA can be used with a wide variety of data acquisition hardware tools and a wide variety
of detector devices. This modularity provides a large degree of user control over the flow of
the experiment and allows for easy switching of hardware tools if necessary.
In our experiment, the only ‘slow control’ feature we use is the control of the stepper
motors via ORCA, although in other experiments ORCA is used to monitor particle con-
centration in the environment, ambient temperature, and other relevant experimental pa-
rameters To interface with the stepper motors, ORCA is connected via RS-232 serial cable
to the VXM motor controller, which translates the commands sent by the user via ORCA
into directions for the motors. Of particular use in the slow controls of this experiment is
the ORCAScript feature built into the ORCA environment. ORCAScript is a programming
language built into ORCA based on Objective-C that can be used to provide custom direc-
tions to ORCA and the hardware connected to it. For our experiment, we use ORCAScript
to automate the rotational scan around the detector, using a script to direct ORCA to
move the motors around the circumference of the Ge detector while collecting data at each
assigned data point around the detector. As mentioned before, this automation minimizes
user error as well as saves time in the data collection procedure.
In order to collect and store data, ORCA is connected via ethernet to a single board
computer (SBC) running Linux CRUX mounted on a VMEBus (Versa Module Europa bus)
backplane. The digitizer we use to convert the analog waveforms into data that can be
written to memory is also connected to this VMEBus backplane, and thus the digitzed data
is read by the SBC off the VMEBus crate and sent to ORCA and the DAQ computer (the
computer running ORCA) via the ethernet cable. We will provide a more detailed discussion
of the digitzer used and the digitization process in the following subsection.
ORCA evidently serves as the backbone for our experimental procedure, moving the
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FIG. 8. Energy spectrum taken with ORCA from Ge detector. Note the presence of the peaks due
to to 60Co and 133Ba.
source and collecting/storing data. Although ORCA is not used for oﬄine data analysis (see
section 8), it is used for live time analysis and preliminary determination of the detector
energy spectra. These preliminary energy spectra are used for energy calibration as well as a
test of the detector performance and resolution. An example of such a spectrum is displayed
in Fig. 8, with labeled peaks corresponding to gammas emitted from known sources (60Co
with gammas at 1173 and 1332 keV and of course 133Ba with gammas at 81 and 356 keV).
A fitting routine was used by OrcaROOT (see section 8 8.1) to fit a gaussian to these
preliminary peaks, allowing us to more accurately extract the centroid of the peak, which is
the channel we use for the energy calibration. This is important because the digitizer itself
bins events into one of 16, 000 channels by energy, but these channels are not calibrated,
thus we convert channel number into energy by finding the peaks corresponding to gammas
with known energies and doing a simple linear regression on the fit points.
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7.2. Waveform digitization: LBNL Gretina digitizer and SIS3302 Struck card
Throughout the course of this research, two different digitizers were used, and although
data for this thesis ended up being collected on the SIS3302 Struck digitizer card, use of
the LBNL Gretina digitizer card was an important aspect of this work since that will be
the digitizer used undeground at SURF when the second rotational test stand is used to
characterize the crystal axes of the detectors included in the Majorana Demonstrator.
Before we begin our discussion of why two different digitizers were used, some background
on the hardware is in order.
The SIS3302 8-channel digitizer is a 16-bit analog to digital converter produced by Struck
Innovative Systeme and used generally for reading out data from high resolution detectors.
This digitizer is an appealing choice for our experiment because it uses manufacturer pro-
duced firmware and has been reliably tested and used by the Experimental Nuclear and
Astroparticle Physics (ENAP) group here at UNC. The Gretina 10-channel digitizer is
a 12-bit signal processing board specially designed for applications in low energy nuclear
physics experiments. Unlike the SIS3302 card, the Gretina card was custom designed by the
Lawrence Berkeley National Laboratory for the purpose of digitizing waveforms from high
purity germanium detectors for accelerator based nuclear physics experiment, and thus uses
custom firmware rather than an industry standard. This digitizer is an appealing choice
for our experiment because it will be used (with modified firmware) at SURF for the all
waveform digitization required by the Majorana Demonstrator.
Initially, data was collected and recorded on the Gretina card, but due to the custom
nature of the Gretina electronics, a wide variety of firmware issues arose, inhibiting perfor-
mance of the card. The main problem encountered when using the Gretina card was the
intermittent loss of the firmware installed on the card. Thus in order to collect data in
a reasonable amount of time, the Gretina card was abandonded and we chose to use the
SIS3302 digitizer for our experiment.
8. DATA REDUCTION AND ANALYSIS
Once data is collected and saved on disk, we move to a tiered system of oﬄine analysis
using a variety of custom designed tools for low energy physics data analysis. At each tier
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we use a different analysis tool to further refine and reduce data into a form where we can
easily extract the timing and energy information we want based on the experimental concept
outlined in section 3. The basic analysis procedure is then based on moving through the
tier system as follows (see Fig. 9 for a diagram of this information):
• Tier 0: These are the raw XML files saved by ORCA after data collection.
• Tier 1: We use the custom software OrcaROOT and MJOR to convert the XML files
to .root files for further analysis using the ROOT [12] framework.
• Tier 2: We use the custom software GAT (germanium analysis toolkit [13]) to process
the waveforms saved in the tier 1 .root files, leaving a ROOT tree with processed
waveform data in place of the raw waveforms.
• Tier 3: Once again we use GAT and ROOT to process the tier 2 data in this final
tier; these .root files contain all of the relevant timing and energy information that can
then be pulled out and used to determine the orientation of the germanium crystal
axes.
It is important to note that each dataset collected must be processed through the tier
system, thus at the end of the experiment we should expect to have a single tier 3 data file
for each data point around the circumference of the Ge detector. Furthermore, the original
tier 0 data files were approximately 30 GB (with a data collection time of 30 minutes), while
by tier 3 the data files were only about 10 KB, a dramatic reduction of file size.
8.1. Processing raw waveform data: tier 0 and tier 1
The first analysis step, from tier 0 to tier 1, uses the custom software MJOR (majorcaroot)
which uses the C++ program OrcaROOT to convert the ORCA data files into ROOT
TTrees. ROOT is a commonly used analysis framework for nuclear and particle physics
experiments, using a specific data format called trees to store and process large amounts
of data. Once the files have been ‘rootified’ by MJOR, we can then use further analysis
tools to perform waveform analysis in order to extract energy and timing information, this
will be our tier 1 to tier 2 procedure. This process uses the analysis tools ROOT and GAT
to write the tier 1 .root files into compact tier 2 .root files with only proccessed data (no
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FIG. 9. Diagrammatic flow of analysis chain; taken from a talk given by Jason Detwiler at a 2013
Majorana Collaboration Meeting.
raw waveforms). Since we will be interested in timing information, it is important that this
processing does not discard timing data, and thus before we discard the waveforms, we save
the time between waveforms (time between events) in the tier 2 datafiles.
8.2. Secondary analysis: tier 2 and tier 3
Once we have processed the waveforms and stored the physics information in the tier 2
data files, we move onto tier 3 by focusing in on parameters of interest to this particular
experiment. This means that we perform energy cuts on the regions of interest (around
the 81 keV peak on the Ge detector and around the 356 keV peak on the NaI scintillator
detector), and timing cuts to look for coincident events. The coincidence filter works by
looking for events around 81 keV on the Ge detector that occur within a small time interval
of events around 356 keV on the NaI detector. This coincidence filter helps us resolve the
81 keV peak on the Ge detector (we mentioned problems with resolving this peak earlier)
by selecting only events that are coincident with the 356 keV gamma, i.e. by selecting only
events around 81 keV that are due to the 133Ba source. We then complete our analysis
procedure by pulling drift times (the time between 133Ba coincident events as measured on
the two detectors) from each tier 3 data file (corresponding to different angles around the
circumference of the Ge detector).
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FIG. 10. The experimental setup with the new, lower resolution germanium detector. Note the
motor used to drive the source around the table.
9. CURRENT RESULTS AND CONCLUSIONS
Major hardware and software challenges delayed the progress of the work described above,
and so some of our experimental goals were not met. The original goal was to use the
Gretina card described in section 7 7.2 in order to collect data from both the NaI scintillator
detector and a Canberra broad energy germanium detector housed at UNC. Unfortunately
problems with the Gretina card discussed previously forced us to abandon this route, while
problems with the output signal stability forced us to abandon use of the original germanium
detector. In particular, the detector we first tried to use would output intermittent bursts of
high amplitude noise, dramatically distorting the waveforms needed for timing and energy
analysis. Time constraints prevented us from successfully resolving this issue, and so an
alternative (lower resolution) germanium detector was substituted at the last minute. The
final experimental setup is displayed in Fig. 10, with the collimated source of 133Ba in the
white block between the vertically aligned germanium detector and the horizontally aligned
NaI scintillator detector.
This experimental setup was used to collect an initial dataset consisting of 25 points
around the circumference of the detector (from 0° to 250° in 10° steps). With more time
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FIG. 11. A closeup on the two detectors and the collimated source between them.
a higher resolution scan would be desirable, but each of the 25 datasets collected took up
about 30 GB of hard drive space and take approximately 5− 6 hours to completely process,
so by the time the experiment was prepared for data collection, insufficient time remained to
collect and process enough data to achieve the desired resolution of 3°, although in theory it
should be easy to perform this higher resolution scan using the tools designed and discussed
in this work.
Preliminary analysis has been done on this first dataset, yielding a graph of drift time vs.
angle around the detector. From this graph we fit a sinusoidal function to the data, and look
for minima in drift time which should correspond to angles at which the collimated 133Ba
shines directly along the germanium crystal axes. The analysis procedure used to do this can
easily be extended to larger datasets as well as any data collected on the second rotational
test stand described in section 4 4.1 that will be used on site to characterize detectors for
the Majorana Demonstrator.
To conclude we present a brief overview of our goals and to what extent they have been
achieved:
• Understanding motivation and basics of axion physics: completed (section 2)
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• Perform research and development to establish hardware tools:
– Assemble custom rotational stand: resolved problem with ability of motor to
rotate stand
– Test custom rotational test stand: resolved interface problems between ORCA
and VXM motor controller
– Test use of digitizer electronics to collect data: resolved firmware problems with
Gretina card
– Establish reproducible experimental procedure: completed (sections 7 and 8)
• Collect preliminary dataset to determine crystal axes: 750 GB of data collected at 25
different points around circumference of detector
• Test/debug analysis framework and tools: dataset described above has been processed
through all analysis tiers
• Establish crystal axes with known uncertainty: dataset provides insufficient resolution
to determine axes
• Use undeground detector to look for axion signal given knowledge of crystal axes: a
trip was planned to go to the Kimbalton Underground Research Facility to collect
data, but hardware and software problems delayed work leaving insufficient time
Overall the work was successful as far as the goal of testing and debugging the procedure
used to characterize the germanium detector crystal axes, but delays and technical problems
made it difficult to acquire the desired results in the time provided, although the original
desired results were a bit ambitious. Nevertheless, the process of assembling the experiment
and testing the procedure represents an important step forward in our end goal, which is of
course to use the detectors in the Majorana Demonstrator to measure the converted
axion-to-photon signal as the axions Bragg scatter off of the germanium crystal lattice and
convert to photons by the Primakoff effect.
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